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Abstract: We introduce a new event shape observable—event isotropy—that quantifies how
close the radiation pattern of a collider event is to a uniform distribution. This observable is
based on a normalized version of the energy mover’s distance, which is the minimum “work”
needed to rearrange one radiation pattern into another of equal energy. We investigate the
utility of event isotropy both at electron-positron colliders, where events are compared to a
perfectly spherical radiation pattern, as well as at proton-proton colliders, where the natural
comparison is to either cylindrical or ring-like patterns. Compared to traditional event shape
observables like sphericity and thrust, event isotropy exhibits a larger dynamic range for high-
multiplicity events. This enables event isotropy to not only distinguish between dijet and
multijet processes but also separate uniform N -body phase space configurations for different
values of N . As a key application of this new observable, we study its performance to
characterize strongly-coupled new physics scenarios with isotropic collider signatures.
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1 Introduction
The Large Hadron Collider (LHC) at CERN has enormous potential for discovery, as demon-
strated by the first detection of the Higgs boson in 2012 [1, 2]. Other new physics signals
near the weak scale may have evaded detection by hiding in unexplored kinematic regimes.
The challenge is then to design robust searches for new physics that are sensitive to several
possible classes of theories. One promising strategy is to construct observables sensitive to
event characteristics that are fundamentally distinct from those arising from the Standard
Model (SM).
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Event shape observables have long provided useful insights into the structure of the SM
and the underlying dynamics of quantum chromodynamics (QCD) [3–17]. Although QCD
is complicated, we can generally characterize its behavior at collider scales by its small ’t
Hooft coupling λ ” g2sNC . In this perturbative regime, the dynamics is dominated by the
emission of soft and collinear quarks and gluons. As the parton shower evolves to lower
scales, these quarks and gluons hadronize, such that the final state is populated with many
light mesons. Because color flux tubes can be severed by light quark-antiquark pairs, the
hadronized final state retains much of the kinematic information from the initial perturbative
showering. Therefore, SM events at energy scales well above the QCD confinement scale
(ΛQCD » 200 MeV) are inherently jetty due to these initial perturbative soft and collinear
splittings [18], and this jet-like structure can be quantified via event shape observables. By
contrast, if new physics has a large ’t Hooft coupling or other non-QCD-like features, then it
could generate events that are not collimated at collider scales but rather isotropic or quasi-
isotropic. Event shape observables could help search for isotropic new physics signals and
separate them from jet-like QCD backgrounds.
In this paper, we introduce event isotropy I , a new event shape observable designed to
identify uniform radiation patterns. Event isotropy is defined as the dimensionless distance
between a collider event E and a uniform radiation pattern U of the same energy:
I pEq ” EMD pU , Eq . (1.1)
The measure of similarity is the (normalized) energy mover’s distance (EMD) [19–21], which
is the particle physics adaptation of the earth mover’s distance used in computer graphics
[22–26] and the Wasserstein metric used to compare probability distributions [27]. The EMD
was introduced to quantify the distance between pairs of collider events [19–21], but here
we compare a single collider event E to an idealized isotropic (in practice, quasi-isotropic)
energy distribution U . Since we take E and U to have the same overall energy, we can define
I P r0, 1s to be dimensionless, ranging from 0 for a perfectly isotropic configuration to 1 for
maximally jet-like. We examine how the event isotropy is effective not only at identifying
uniform radiation patterns at both e`e´ and pp colliders, but also at separating QCD dijet
samples, multi-pronged SM events, and uniform N -body phase space events.
There are many models that arise in the context of addressing the hierarchy problem that
can produce high-multiplicity, quasi-isotropic events. For example, R-parity violating (RPV)
supersymmetry (SUSY) models with small mass splittings yield long cascade decay chains at
colliders, producing signatures with Op10q QCD jets distributed roughly isotropically [28, 29].
Extra dimensional models [30] such as the ADD [31] and Randall-Sundrum [32] scenarios
allow for the potential formation of microscopic black holes at colliders [33, 34]. These black
holes evaporate via Hawking radiation, emitting particles with a thermal distribution in
isotropic directions [35–37] (see, however, Ref. [38]). Another general class of models arising
from solutions to the hierarchy problem and string theory constructions is hidden valley
scenarios [39]. Hidden valleys can involve non-Abelian gauge theories with large ’t Hooft
couplings, which yield spherical radiation patterns due to rapid fragmentation of sufficiently
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high-multiplicity showers [40–42]. Thus, hidden valley scenarios that are strongly coupled over
a large window in the hidden sector, weakly coupled to the SM, and have a mass gap much
smaller than the mass of the mediator will produce isotropic signatures [43, 44]. Assuming a
substantial fraction of the hidden sector particles decay to visible final states in the detector,
the signature of such models at colliders are soft, unclustered energy patterns (SUEPs) [45].
These are just a few examples of possible new physics scenarios that produce event shapes
distinct from those arising from the SM.
Historically, several observables were developed to quantify the degree to which a collider
event is isotropic versus jet-like, including thrust [3, 46, 47], sphericity [48, 49], spherocity
[50],1 and the C- and D-parameters [51–53]. While all of these observables have provided
insight into the substructure of QCD, they are not robust probes of isotropy. Sphericity and
the C- and D-parameters can obtain their extremal values for non-isotropic events, specifically
for configurations with as few as six particles as long as they are symmetric under the exchange
of any axes. Sphericity has the additional pathology of not being infrared and collinear (IRC)
safe. Spherocity was developed as an IRC-safe alternative, but it is not widely used, in part
because the spherocity axis is not as well behaved as the thrust axis [54]. Thrust is a well
studied observable, and it is a true measure of isotropy in the sense that T “ 12 if and only
if an event is perfectly spherical. Thrust has a small dynamical range as one approaches the
isotropic limit, though, and it is unable to distinguish distinct high-multiplicity, quasi-uniform
samples. We propose event isotropy as an observable that can distinguish SM events with
many hard prongs of radiation from events with genuinely isotropic signatures.
Event shape observables have been important ingredients in constructing new physics
searches at the LHC. Several recent proposals consider these observables in their high-level
triggers, including dedicated searches for displaced vertices from long-lived particle decay in
both the leptonic and hadronic channels [55–58], magnetic monopoles [59], black holes [60, 61],
and emergent jets [60]. Additional search strategies have been proposed, such as dedicated
triggers for emerging jets [62], semi-visible jets [63], and SUEPs [45]. A more complete
summary of the status of partially online searches for new physics with nonstandard geometry
can be found in Ref. [64]. The goal of this work is to develop a new, model-independent tool
to identify and characterize anomalously isotropic events, to be used in conjunction with
existing model-dependent search strategies for new physics.
The outline of this paper is as follows. In Sec. 2, we review the definition of the EMD
and introduce event isotropy, contrasting its behavior to traditional event shape observables.
In Sec. 3, we compare the performance of event isotropy to thrust and sphericity for discrim-
inating dijets from top-quark pairs at electron-positron colliders, as well as for characterizing
uniform N -body phase space and quasi-isotropic samples. We present similar studies for
proton-proton colliders in Sec. 4. In Sec. 5, we demonstrate the potential of event isotropy
to characterize SUEP scenarios at the LHC. We conclude in Sec. 6 and remark on possible
future applications.
1We briefly considered carrying on the vowel shift tradition and naming our observable “spheracity”.
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Collider Geometry Energy Weight Ground Measure Default U
e`e´ Sphere wsphi “ Ei{Etot dsphij “ 2 p1´ cos θijq U sph192
pp Cylinder wcyli “ pT i{pT tot dcylij “ 12pi2`16y2max
´
y2ij ` φ2ij
¯
Ucyl160p|y| ă 2q
pp Ring wringi “ pT i{pT tot dringij “ pipi´2 p1´ cosφijq U ring32
Table 1. The three different event geometries used to define event isotropy in this paper, with their
corresponding energy weights, ground measures, and default quasi-uniform configurations. For the
cylinder geometry, we must specify the rapidity range |yi| ă ymax. Note that pT tot is the scalar sum
of the transverse momenta. These ground measures satisfy Eq. (2.5) with β “ 2.
2 A Robust Measure of Event Isotropy
In this section, we define event isotropy and discuss its properties and limiting behaviors. We
first review the mathematical definition of the earth mover’s distance and its application to
particle physics via the energy mover’s distance. (We use the acronym “EMD” in both cases,
except where confusions might arise.) We then introduce our event isotropy observable for
three different choices of geometry, shown in Table 1, and compare its behavior with previous
event shape observables.
2.1 Review of Earth Mover’s Distance
The earth mover’s distance [22–26], or Wasserstein metric [27], defines the distance between
normalized distributions as the minimum “work” necessary to rearrange one distribution into
another (e.g. moving dirt or “earth” from one pile to another). Consider two distributions P
and Q with elements pi P P and qj P Q with weight wp,i and position xp,i for element pi, and
similarly for qj . The weights of the elements are normalized such that
ř
iwp,i “
ř
j wq,j “ 1.
Given a ground measure dij between the positions xp,i and xq,j , the EMD to move P to Q is
EMDpP,Qq “ min
tfiju
ÿ
ij
fij dij , (2.1)
where the transportation plan tfiju is constrained by the requirements that
fij ě 0,
ÿ
j
fij “ wp,i,
ÿ
i
fij “ wq,j ,
ÿ
ij
fij “ 1. (2.2)
These constraints enforce that positive “earth” is transported and that all of the earth from
pi P P is moved to qj P Q. For normalized distributions, the EMD is dimensionless. It is
clear from Eq. (2.1) that the EMD between distributions increases if more earth (fij) must
be moved or if the ground metric between locations (dij) is large. Similarly, the EMD is
unchanged as the distance between two points in the same distribution approaches zero.
Typically, dij is a proper metric, meaning that it non-negative, symmetric, and satisfies
the triangle inequality:
0 ď dij ď dik ` dkj . (2.3)
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In such cases, the EMD is also a proper metric, satisfying a triangle inequality on distributions:
0 ď EMDpP,Qq ď EMDpP,Rq ` EMDpR,Qq. (2.4)
One can also generalize to a larger class of ground measures, characterized by a parameter
β ą 1, that satisfy:
0 ď d1{βij ď d1{βik ` d1{βkj ñ EMDpP,Qq1{β ď EMDpP,Rq1{β ` EMDpR,Qq1{β. (2.5)
Here, EMDpP,Qq1{β is known as a p-Wasserstein metric with p “ β, and the usual case in
Eqs. (2.3) and (2.4) corresponds to β “ 1. In this paper, we will find it convenient to focus
on ground measures that satisfy Eq. (2.5) with β “ 2. A case study comparing the β “ 1 and
β “ 2 ground measures is presented in App. B.
In the context of particle physics, one can consider the distributions P and Q to be event
radiation patterns, or more specifically, energy densities measured by an idealized calorimeter.
As first proposed in Ref. [19], one can then use the “energy mover’s distance” to quantify
the similarity of two collider events. The weights wp,i and wq,j are now the energies (or
momenta) of particles, and the ground measures dij are now an angular distance between
particle trajectories. In Ref. [19], a penalty term was added to Eq. (2.1) to account for the
net energy difference between events, and the EMD had units of energy. Here, we normalize all
of our energy distributions to have net weight of unity, such that the EMD is dimensionless.
The EMD is IRC safe by construction, since P and Q are energy densities and therefore
unchanged by collinear or soft emissions.
We perform all EMD calculations in this paper using the Python Optimal Transport
(POT) library [65]. When comparing two N particle configurations, the computation time
scales roughly like OpN3 log2Nq, though it can be faster in practice. As a benchmark, the
event isotropy for a 50-particle event with a 192-particle reference sphere takes approximately
50 ms to compute. The code to perform the studies below will be made available through the
Event Isotropy repository [66].
2.2 Energy Mover’s Distance as a Measure of Event Isotropy
To characterize the degree of isotropy of an event E , we use the EMD to measure its distance
to a quasi-uniform radiation pattern U with n particles. More specifically, we define event
isotropy as:
Igeon pEq ” EMDgeopUgeon , Eq, (2.6)
with a notation to be explained in detail below. We always work with normalized events and
choose our distance measures such that Igeon P r0, 1s is dimensionless. While the EMD is well
defined in the n Ñ 8 limit, our current method of numerically computing event isotropy
using the POT library requires finite n.
There are three components to the event isotropy observable: the energy weight wi, the
ground measure dij , and the quasi-uniform event Ugeon . For a given geometry, EMDgeo is
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Figure 1. Quasi-uniform event configurations for the three geometries considered in this paper. Top
row (a,b,c): spherical configurations U sphn for n “ t12, 192, 3072u, generated with HEALPix. Middle row
(d,e,f): cylindrical configurations Ucyln for n “ t8, 160, 2560u. Bottom row (g,h,i): ring configurations
U ringn for n “ t4, 32, 64u. All particles have equal weights. The middle column corresponds to our
default uniform configurations for each geometry.
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(a) (b) (c)
Figure 2. Event configurations that maximize event isotropy (i.e. least isotropic), assuming balanced
(transverse) momentum. The optimal EMD transportation plan is determined by partitioning the
uniform event, where the sphere (a) is partitioned into two hemispheres, the cylinder (b) is separated
along the dashed lines at fixed φ and φ` pi, and the ring (c) is divided in half.
computed via Eq. (2.1), where the energy weight determines the transportation plan fij and
the ground measure fixes dij . The quasi-uniform event Ugeon consists of n massless particles
of equal energies arranged as uniformly as possible according to the appropriate geometry,
as shown in Fig. 1. By construction, event isotropy is 0 for a perfectly uniform event (up to
finite n effects), and goes to 1 for the least isotropic events shown in Fig. 2, where we have
limited our attention to event configurations with net zero (transverse) momentum. When
making geometry- or n-independent statements, we drop the labels for ease of notation.
We consider three geometries in this paper—spherical, cylindrical, and ring-like—as sum-
marized in Table 1. Although we only present results for one distance measure dij per geom-
etry, we are free to consider other measures. For example, an alternative distance measure
for the spherical case is presented in App. B and Ref. [67].
• Spherical. The spherically symmetric geometry is intended for use at e`e´ colliders.
Detectors at e`e´ colliders are approximately hermetic in solid angle, thus the total
event energy can be accurately reconstructed. We take the weight of each particle to be
its fraction of the total energy, and the ground measure to be the squared chord length
on the sphere:
Spherical: wi “ Ei
Etot
, dij “ 2 p1´ cos θijq , (2.7)
where θij is the opening angle between the particles i and j. This distance measure
was chosen to match the behavior of thrust (see Eq. (2.14) below). Though dij is not
a proper metric, it satisfies the modified triangle inequality in Eq. (2.5) with β “ 2,
and the fact that it has a quadratic (rather than linear) penalty for small θij makes it
less sensitive to finite n effects. To construct a uniform spherical event U sphn , we use
HEALPix [68], which generates equal-area tilings of the sphere for specific values of n:
n “ 12ˆ 22i, i P Z`. (2.8)
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A few examples of these tilings are shown in the top row of Fig. 1, where each particle
carries weight 1n .
The normalization of dij has been chosen such that the maximum value of Isph is 1.
Limiting our attention to event configuration with net zero momentum, the furthest
momentum-conserving configuration from isotropic is two particles with equal momen-
tum in opposite directions. This idealized two-particle configuration is denoted Esph2
and shown in Fig. 2a. Using standard spherical coordinates, the event isotropy of Esph2
is 1 as desired:
Isph8 pEsph2 q “ 2
ż pi{2
0
ż 2pi
0
sin θ dθ dφ
4pi
2 p1´ cos θq “ 1, (2.9)
where we have chosen a coordinate system such that the two particles are oriented
along the z-axis. The overall factor of 2 is because the transportation plan maps the
two particles to their corresponding hemispheres.
• Cylindrical. Detectors at pp colliders typically have a cylindrical geometry such that
inelastic scattering, with large particle yields in the forward direction, do not overwhelm
the detector. This motivates axially symmetric geometries to model uniform radiation
patterns. The first pp geometry we consider is a cylinder centered on the central region
of a detector. Since total longitudinal momentum cannot be accurately reconstructed,
we take the weight of each particle to be its transverse momentum fraction, and we use
the squared rapidity-azimuth distance as the ground measure:
Cylindrical: wi “ pTi
pT,tot
, dij “ 12
pi2 ` 16 y2max
`
y2ij ` φ2ij
˘
, (2.10)
where pT,tot “ řj pTj includes all reconstructed particles with |yj | ă ymax, and yij “
|yi ´ yj | and φij “ |φi ´ φj | are the pairwise rapidity and azimuthal distances. In
analogy to the spherical case, we use the squared (as opposed to absolute) y–φ distance
in order to penalize large distances more than small ones in the EMD computation. To
construct a uniform cylindrical event Ucyln pymaxq with equal tiling of y–φ space up to the
maximum absolute rapidity ymax, we first divide the azimuthal direction of the cylinder
into 2i equal segments, for i P Z`. This leads to a total of n « 22iymax{pi equal-weight
particles, as shown in the middle row of Fig. 1.
Restricting our attention to configurations that conserve transverse momentum, the
radiation pattern furthest from the uniform cylindrical event is the two-particle config-
uration Ecyl2 with equal and opposite transverse momenta at the same extremal rapidity
value, as shown in Fig. 2b. For two particles located at
`
ymax,˘pi2
˘
, we can compute
the event isotropy by splitting the cylinder in half along the φ direction:
Icyl8 pEcyl2 q “ 2
ż pi
0
ż ymax
´ymax
dφ dy
4piymax
12
pi2 ` 16 y2max
ˆ´pi
2
´ φ
¯2 ` pymax ´ yq2˙ “ 1, (2.11)
such that cylindrical isotropy is bounded by 1 as desired.
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• Ring-like. Hard scattering processes at pp colliders are typically longitudinally boosted,
explicitly breaking the translational symmetry along the beamline. We therefore con-
sider a ring-like geometry that marginalizes over the rapidity direction:
Ring-like: wi “ pTi
pT,tot
, dij “ pi
pi ´ 2 p1´ cosφijq , (2.12)
where φij is the transversely projected opening angle. We have chosen to use the
squared chord length on the ring (instead of just φ2ij) in order to match the behavior of
transverse thrust [69–72] (see Eq. (2.22) below). As shown in the bottom row of Fig. 1,
a uniform ring-like event U ringn is tiled in the same way as the cylinder: 2i equally spaced
particles around the φ direction. Any two particle event Ering2 that conserves transverse
momentum will maximize the event isotropy, as illustrated in Fig. 2c. For two particles
oriented along φ “ 0, the event isotropy is saturated by 1 as desired:
Iring8 pEring2 q “ 2ˆ
ż pi
2
´pi
2
dφ
2pi
pi
pi ´ 2 p1´ cosφq “ 1. (2.13)
For practical event isotropy calculations with n-particle uniform configurations, we need
to choose n large enough to mitigate the effect of finite tiling. Unless otherwise specified, we
take the default of n “ 192 for the spherical geometry, to balance computation time against
performance. For the default cylindrical case, we set ymax “ 2 and slice the φ direction into
16 segments, which translates to n “ 160. The default ring-like case has n “ 32.2 Because
our dij are based on squared distances, the results we present are largely insensitive to the
precise choice of n. For events that do not conserve transverse momentum due to the finite
rapidity range of the selection, we add in an extra “particle” corresponding to the missing pT
vector before computing cylindrical or ring-like event isotropy.
2.3 Comparison to Existing Event Shape Observables
To quantify the performance of event isotropy to identify quasi-uniform particle configura-
tions, it is instructive to compare its behavior to existing event shape observables. We focus
primarily on the spherical geometry, where we compare to thrust, sphericity, and the C-
parameter. We also consider transverse thrust for the ring-like geometry. To compare more
directly to event isotropy, it is convenient to define rescaled event shapes that range from
[0,1], with 0 corresponding to most isotropic. These rescaling relations are summarized in
Table 2.
We begin by considering thrust T , which is defined as [3, 46, 47]:
T pEq “ max
nˆ
ř
i |~pi ¨ nˆ|ř
j |~pj |
, (2.14)
2As noted in Ref. [21], there are efficient algorithms to solve one-dimensional optimal transport prob-
lems [73]. Though we use the POT library for this paper, faster algorithms could enable the implementation
of ring-like event isotropy at the trigger level.
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Collider Observable Rescaled Definition
e`e´ Thrust rT ” 2T ´ 1
e`e´ Sphericity rS ” 1´ S
e`e´ C-parameter rC ” 1´ C
pp Transverse Thrust rTK ” pipi´2 `TK ´ pi2 ˘
Table 2. Previous event shape observables and their rescaled variants. Like event isotropy I, the
rescaled event shapes range from [0,1], where 0 is perfectly isotropic.
where ~pi is the three-momentum of each particle in the event, and nˆ is the unit vector that
maximizes the value of T , called the thrust axis. The values of T fall in the range r12 , 1s, where
a perfectly spherical event (U sph8 ) has thrust T “ 12 and two back-to-back particles (Esph2 ) has
thrust T “ 1. The rescaled thrust rT in Table 2 is:
rT ” 2T ´ 1, (2.15)
such that its range is [0,1].
As recently shown in Ref. [21], thrust can be written in the language of the EMD.3 Using
the spherical geometry from Eq. (2.7):
T˜ pEq “ 1´ min
E 1PPBB2
”
EMDsph
`E , E 1˘ ı, (2.16)
where PBB2 is the set of all back-to-back massless two-particle events.4 This remarkable
definition of thrust in terms of the EMD motivates our choice of spherical ground measure
for this paper.
For a perfectly isotropic event, T pU sph8 q “ 12 , so thrust offers a useful test for isotropic
configurations. In fact, thrust is a true measure of isotropy, since T only equals 12 (i.e.
rT “ 0)
for isotropic configurations. To prove this, consider an observable t depending on an arbitrary
unit vector nˆ:
t pnˆ; Eq “
ř
i |~pi ¨ nˆ|ř
j |~pj |
. (2.17)
The thrust of an event T is equal to t maximized over all nˆ. If we average over nˆ instead, we
find
xtpnˆ; Eqynˆ “
ř
ix|~pi ¨ nˆ|ynˆř
j |~pj |
“ 1
2
, (2.18)
where we have used the fact that the average projected length of a vector ~pi in three dimensions
is |~pi|{2. Since the average value xty “ 12 , then if tpnˆ; Eq ă 12 for some nˆ, there exists an nˆ1
3We thank Patrick Komiske and Eric Metodiev for useful discussions on this point.
4One potential confusion is that PBB2 includes unphysical configurations in which the two massless particles
have unequal energies. As discussed in Ref. [21], there is an alternative formulation based on time-like (instead
of light-like) directions that avoids this confusion, though it does not exactly mimic the behavior of thrust.
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Figure 3. Event shapes evaluated on the HEALPix quasi-isotropic configurations with k “
t12, 48, 192, 768, 3072u. We show the rescaled observables from Table 2 such that a value near zero
indicates a quasi-isotropic event. Observables with darker shading indicate more dynamic range. We
average the value of event isotropy over 103 random orientations. While thrust has a larger dynamic
range than sphericity, note that it counterintuitively ranks a ring plus back-to-back particle configu-
ration (Fig. 4a, T “ 0.074) as slightly more isotropic than an k “ 12 sphere tiling (T “ 0.088). For
additional values Isphn beyond n “ 192, see Fig. 12.
for which tpnˆ1; Eq ą 12 , and therefore nˆ is not the thrust axis. The only way T can equal 12 is
if t “ 12 for all nˆ, which implies that the event configuration is perfectly isotropic.
Although rT “ 0 only for exactly isotropic events, it has a relatively small dynamic range
for quasi-isotropic configurations. The values of rescaled thrust for the first five tilings of a
sphere from HEALPix are shown in Fig. 3. Another configuration that yields a low value of
rescaled thrust is shown in Fig. 4a, where two back-to-back particles plus a uniform ring of
radiation can get as small as rT “ 0.0740. In Sec. 3, we will see that the small dynamic range
for thrust means that it is less efficient at identifying quasi-isotropic signals.
Two other well-known e`e´ event shape observables are sphericity (S) [48, 49] and the
C-parameter [51–53]. They are defined such that an idealized dijet event has S,C “ 0 and a
perfectly spherical event has S,C “ 1. This is the opposite behavior to event isotropy, so we
introduce flipped versions in Table 2:
rS ” 1´ S, rC ” 1´ C. (2.19)
Both of these observables are computed via the generalized sphericity tensor:
Sprqαβ “
ř
i |pi|r´2pαi pβiř
i |pi|r
, α, β P t1, 2, 3u, (2.20)
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(a) (b)
Figure 4. Event configurations that (nearly) saturate traditional event shape observables. The blue
points represent the particles in momentum space. (a) An anisotropic event with small thrust. The
thrust is minimized when the summed momentum of the ring (pring) is related to the momenta of each
of the individual particles ppart by ppart “ 4pipring. (b) A six particle configuration that saturates the
spherical bound for both sphericity and the C-parameter.
where sphericity is traditionally computed with r “ 2, and the C-parameter with r “ 1. Let
λ1 ě λ2 ě λ3 be the eigenvalues of the tensor in Eq. (2.20). The sphericity and C-parameter
of an event are defined as:
r “ 2 : S “ 3
2
pλ2 ` λ3q ,
r “ 1 : C “ 3 pλ1λ2 ` λ1λ3 ` λ2λ3q . (2.21)
We see that S and C are maximized whenever there is symmetry between all orthogonal
directions, i.e. when the eigenvalues are equal. This means that an event configuration as
simple as Fig. 4b, with six particles aligned along the coordinate axes, can have rS, rC “ 0. In
this sense, sphericity and C-parameter are not true measures of isotropy, but rather measures
of symmetry along the axes. The dynamic range of rC is very poor, as shown in Fig. 3, so we
only include rS in our comparisons in Sec. 3.
Finally, for pp colliders, a well-known event shape is transverse thrust TK [69–72], which
is a probe of ring-like configurations. The transverse thrust of an event is:
TKpEq “ max
nˆK
ř
i |~pT,i ¨ nˆK|ř |~pT,i| , (2.22)
where nˆK is a unit vector constrained to the transverse plane. The value of transverse thrust
ranges from r2{pi, 1s, so the rescaled version in Table 2 is
rTK ” pi
pi ´ 2
ˆ
TK ´ 2
pi
˙
. (2.23)
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(a) (b)
Figure 5. Examples of e`e´ collisions at
?
s “ 350 GeV yielding (a) a qq¯ event plus a hard ISR
photon and (b) a tt¯ event. The events are shown in momentum space, and the magnitude of each
vector is proportional to the energy of the corresponding particle.
3 Benchmark Scenarios: Electron-Positron Colliders
In this section, we study the performance of event isotropy at separating various signal and
background processes, benchmarking it against traditional event shape observables. We con-
sider electron-positron (e`e´) collisions, such that the dominant QCD background process
consists mostly of two or three pronged events from light-quark pair production (e`e´ Ñ qq¯
plus gluon radiation), including possible photon initial state radiation (ISR) prior to the hard
scattering process. These QCD events are collimated, so we expect event isotropy to be
effective at rejecting these events in favor of more uniform radiation patterns.
We study three benchmark scenarios that generate signals with quasi-uniform energy
distributions. First, we consider top-quark pair production (e`e´ Ñ tt¯) as a SM process
that yields 6-prong event configurations. Second, we consider events distributed according to
uniform N -body phase space via the RAMBO algorithm [74] as a model of new physics with
relatively high multiplicity events. Finally, we consider the HEALPix equal area configurations
shown already in Fig. 1 as an idealized model for isotropic new physics scenarios.
3.1 Top Pair Production vs. QCD Dijet
Let us begin with top-quark pair production via the hard process e`e´ Ñ tt¯. This is a SM
process that often produces six jets, since in the all-hadronic channel, each top quark decays
to three partons via tÑ bW` Ñ bqq¯1. Both the tt¯ and qq¯ samples are generated with Pythia
8.243 [75], including ISR, FSR, and hadronization. We turn off leptonic decays of the W
boson to remove the subset of tt¯ events easily tagged with missing energy or electron/muon
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Figure 6. The distributions of four event shape observables in e`e´ collisions at
?
s “ 350 GeV:
(a) event isotropy with n “ 192, (b) thrust, (c) sphericity, and (d) the isotropy/thrust ratio. For all
observables, the qq¯ (blue) and tt¯ (green) distributions are well separated, with the AUC summarized
in the plot legend.
signatures. Events are generated at a center-of-mass collision energy near the tt¯ threshold of?
s “ 350 GeV, a proposed run configuration of a future circular collider [76]. At this collision
energy, the tops are unboosted, thus the direction of their decay products are quasi-isotropic.
This process is therefore a good benchmark for moderate multiplicity and relatively isotropic
signal processes. Visualizations of typical qq¯ and tt¯ events are shown in Fig. 5.
In the following study, we compare the discrimination power of several event shape ob-
servables: event isotropy Isph192 , thrust rT , and sphericity rS. We also introduce an observable
Rn based on a combination of thrust and event isotropy:
Rn ” I
sph
n
Isphn ` p1´ rT q . (3.1)
The motivation for Eq. (3.1) is that event isotropy measures the distance to a perfectly
isotropic event while thrust measures the distance to an idealized dijet configuration with two
back-to-back particles, so Rn quantifies the relative distance to these idealized configurations.
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All four observables we consider run from 0 (for an isotropic event) to 1 (for two back-to-back
particles).
The distributions of these event shape observables are shown in Fig. 6, comparing 106
events each from the qq¯ and tt¯ samples. The spike near rT » 0.85 in the qq¯ sample is due to
the radiative return process, since the collision energy
?
s is above the Z resonance. All four
observables show good qualitative separation power between the qq¯ and tt¯ samples.
To quantify the overall discrimination power, we calculate the area under the curve
(AUC). The AUC is the area under the Receiver Operating Characteristic (ROC) curve, but
more simply, it is the probability that a binary classifier will correctly order a random signal
event and a random background event:
AUC “ P pOsignal ă Obackgroundq , (3.2)
where Osignal (Obackground) is the observable value for the signal (background) event. An AUC
value of 1 indicates perfect separation, while AUC “ 0.5 corresponds to random guessing. As
shown in the Fig. 6 labels, all four observables exhibit AUC ą 0.96. While thrust and spheric-
ity outperform event isotropy, the performance is still comparable. The best discrimination
performance comes from the Rn observable that combines thrust and isotropy information
with AUC “ 0.988.
While the qq¯ and tt¯ spectra are well separated by event isotropy, neither sample comes
close to saturating the isotropic limit of Isph192 “ 0. This therefore suggests that the event
isotropy will have sufficient dynamic range to not only separate tt¯ signals from dijet back-
grounds, but also separate tt¯-like events from quasi-isotropic or fully isotropic events.
3.2 Toy Model: Uniform N-body Phase Space
Although the tt¯ signal is a useful benchmark, it is not a particularly isotropic or high-
multiplicity scattering process. We now consider high-multiplicity events as a toy model
for new physics scenarios like RPV SUSY, where many particles with similar momenta are
produced due to long cascade decays and small mass splittings. To generate events according
to uniform N -body phase space, we use the RAMBO algorithm [74] for N “ t10, 25, 50u, and
compare to both the qq¯ and tt¯ processes from Sec. 3.1. The qq¯ process is an example of a
generic QCD background process. The tt¯ process allows us to investigate the discrimination
power of event isotropy against moderate multiplicity backgrounds. Some visualizations of
typical uniform N -body events are shown in Fig. 7.
Repeating the analysis of Sec. 3.1, we compare the effectiveness of our four event shape
observables in separating uniform N -body events from SM qq¯ events, with results shown in
Fig. 8. For all observables, the separation between the N -body and qq¯ samples is very good
for N “ 10, and nearly perfect for N “ 25 and N “ 50. The same N -body samples are
compared to the tt¯ background in Fig. 9. For all of the event shapes, the N “ 10 and tt¯
distributions overlap. This is expected since there are Op10q prongs in a tt¯ event. For N “ 25
and N “ 50, the event isotropy and the ratio observable perform better than thrust and
sphericity at discriminating the N -body sample from the tt¯ background.
– 15 –
(a) (b) (c)
Figure 7. Examples of events generated according to uniform N -body phase space for (a) N “ 10,
(b) N “ 25, and (c) N “ 50. The magnitude of each vector is proportional to the energy of the
corresponding particle.
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Figure 8. Comparing the qq¯ background to uniform N -body samples with N “ t10, 25, 50u, using
the same observables as Fig. 6 in e`e´ collisions at
?
s “ 350 GeV. The AUC values in the legend
correspond to the separation power with respect to the qq¯ sample.
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Figure 9. The same as Fig. 8, but now compared to the tt¯ background. For sufficiently large N ,
event isotropy is the most effective discriminant.
Intriguingly, event isotropy—and by extension the isotropy/thrust ratio—is further able
to separate the N -body samples from each other; thrust and sphericity are much less efficient
at this task. To quantify the ability of these observables at distinguishing different values of
N , we plot the AUC for discriminating each pair of samples in Fig. 10. Event isotropy excels
at discriminating between the various high multiplicity N -body samples, with noticeably
better performance than traditional event shape observables.
As discussed in Sec. 2, thrust measures the distance of an event to a back-to-back two
particle configuration (effectively N “ 2), whereas event isotropy measures the distance to
an isotropic radiation pattern (effectively N “ 8). It is natural to wonder above what value
of N does event isotropy outperform thrust as a discriminant. To address this question, we
compute the AUC for separating the qq¯ and tt¯ samples from uniform N -body phase space
for N ě 3, comparing event isotropy, thrust, sphericity, and the ratio observable. The AUC
values relative to the qq¯ sample are plotted in Fig. 11a, where crossover in performance
happens right after N “ 6. This could have been anticipated from the study in Sec. 3.1,
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Figure 10. The discrimination power between each pair of e`e´ samples from Figs. 8 and 9, as
summarized by the AUC for (a) event isotropy with n “ 192, (b) thrust, (c) sphericity, and (d) the
isotropy/thrust ratio. Darker shades indicate more efficient discrimination, with the darkest indicating
complete separation. Apart from tt¯ vs. N “ 10, event isotropy has excellent discrimination power
between any pair of samples. Sphericity and thrust are nearly saturated for the larger N -body samples,
and therefore have smaller AUC values.
since tt¯ events are similar to N “ 6 events.5 Thus, for low multiplicity SM backgrounds, we
expect event isotropy will be most effective in identifying new physics scenarios that typically
produce seven or more final state partons of comparable energies.
The performance crossover for the tt¯ sample compared to the N -body sample occurs
for N „ 10, as shown in Fig. 11b. To understand this, note that samples with N À 6 are
5Because of the hierarchy mt ą mW , the W bosons are quasi-relativistic and the jets from the W decay
are slightly boosted, so tt¯ events are a bit less isotropic than uniform 6-body phase space.
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Figure 11. The AUC values as a function of N for discriminating uniform N -body samples from (a)
qq¯ events and (b) tt¯ events. Shown are event isotropy, thrust, sphericity, and the ratio observable as
computed for e`e´ collisions at
?
s “ 350 GeV. The crossover where event isotropy outperforms the
other observables occurs after N “ 6 for the qq¯ sample and after N “ 10 for the tt¯ sample. AUC
values less than 0.5 indicate when the N -body sample is less isotropic than the SM sample.
less isotropic than the tt¯ sample, so 2-prong discriminants like thrust are expected to be
more sensitive in this regime. For Op15q or more hard prongs, the event isotropy is able to
distinguish the N -body sample from the tt¯ sample considerably more efficiently than thrust
and sphericity. Thus, event isotropy is a useful probe of new physics even when considering
moderately isotropic SM backgrounds.
3.3 Toy Model: Quasi-Isotropic Distributions
As a final benchmark for the e`e´ case, we consider k-body discretized isotropic events. This
is the idealized limit of a strongly-coupled quasi-conformal new physics scenario, where the
lightest modes in the hidden sector have a 100% branching ratio back to SM particles. A
cartoon of this new physics signal would be a uniformly tiled sphere, as already shown in
Fig. 1 for events generated by HEALPix.
In Fig. 12, we calculate Isphn pU sphk q for the five smallest n and k values permitted by
HEALPix. To avoid pathological behavior when the HEALPix events happen to be aligned,
we average over 104 random orientations of the spheres when computing event isotropy.
This averaging explains why Isphn pU sphn q is not exactly zero. An analytic approximation to
Isph8 pU sphk q is presented in App. A.
From the definition in Eq. (2.1), it is clear that Isphn pU sphk q should be small for large values
of n, k (i.e. events that better approximate isotropy). Smaller values of n and/or k provide
a useful benchmark for what it means for an event to be “isotropic.” The largest values of
event isotropy seen in Fig. 12 are for the coarsest tiling, where Isphn pU sph12 q » 0.18. Notably,
this benchmark value is smaller than what was seen in the tt¯ sample in Fig. 6a, and nearly
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Figure 12. The event isotropy Isphn for a k-particle sphere, averaged over random orientations.
The table is symmetric because the EMD is a metric, and therefore symmetric between the function
arguments. The distance from the coarsest sphere to the finest sphere (Isph3072pU sph12 q = Isph12 pU sph3072q »
0.18) is useful benchmark for when an event should be considered “isotropic.” See Fig. 3 to compare
the behavior of other event shape observables on spherical configurations.
aligned with the peak of N “ 50 distribution in Fig. 8a. For k ą 12, the average event
isotropy is below any of the N -body distributions considered. This demonstrates the ability
of event isotropy to distinguish events composed of several quasi-uniform hard prongs from
truly isotropic events.
4 Benchmark Scenarios: Proton-Proton Colliders
We now turn our attention to proton-proton (pp) collisions. Because of the partonic sub-
structure of protons, the products from the hard scattering process have nonzero longitudinal
boosts along the beam axis. We therefore consider the cylindrical and ring-like geometries
for event isotropy, since these are more relevant for studying axially symmetric radiation
patterns. As a baseline for comparison, we use transverse thrust from Eq. (2.22), which a
commonly studied pp event shape [69–72].
As in Sec. 3, we consider three benchmark signals—tt¯ production, uniform N -body phase
space, and quasi-isotropic distributions—and quantify discrimination power against SM back-
grounds. To match the conditions of the LHC, we consider pp collisions at a center-of-mass
energy
?
s “ 14 TeV. The events are generated in Pythia 8.243 with multi-parton interac-
tions turned on to model the underlying event. We do not include the effect of pileup, namely
multiple pp collisions per beam crossing, which would tend to make the events more isotropic
without some form of pileup mitigation [77].
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Figure 13. Examples of (a) a QCD dijet event and (b) a tt¯ event in pp collisions at
?
s “ 14 TeV. The
events selection is
ř
pT ą 400 GeV for particles within |y| ă 2. The size of the marker is proportional
to the pT of the particle. We can clearly see the two hard prongs of momentum in the QCD dijet
event compared to roughly six hard prongs in the tt¯ event.
4.1 Top Pair Production vs. QCD Dijet
Our first pp benchmark signal process is SM top-quark pair production, which we want
to identify against QCD dijet backgrounds. We select events where the scalar transverse
momentum sum satisfies
ř
i pT,i ą 400 GeV for all visible particles in the rapidity range
|y| ă 2.6 Visualizations of these events are shown in Fig. 13. We compare the efficiencies of
three event shape observables: cylindrical event isotropy Icyl160, ring-like event isotropy Iring32 ,
and rescaled transverse thrust rTK.
The distributions of these three observables for 105 events, along with their corresponding
AUC values, are shown in Fig. 14. Overall, the dijet and tt¯ samples are less well separated
compared to the e`e´ study from Fig. 6. This is due to a variety of factors, including the
fact that the dijet sample now includes gluon jets, which are more isotropic than quark jets,
and the fact that pp collisions have a large contribution to their radiation pattern from ISR.
The best discrimination power is achieved by ring-like event isotropy, with transverse
thrust performing only marginally worse. These two observables are the ones that project
out the rapidity information from the event. We also tested the analog of the ratio observable
from Eq. (3.1) combining ring-like event isotropy and transverse thrust, though we did not
find significant gains.
While cylindrical event isotropy captures more information about the overall uniformity
6There is a generator cut on the minimum transverse momentum of the hard process of pˆT ą 100 GeV for
the QCD dijet process and pˆT ą 70 GeV for the tt¯ process, though this has a negligible impact on our results.
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Figure 14. The distributions of (a) cylindrical event isotropy, (b) ring-like event isotropy, and (c)
transverse thrust in the QCD dijet and tt¯ samples produced in pp collisions at
?
s “ 14 TeV.
of the event, pp collision events are often boosted to one side of the cylinder. Thus, unless the
event is centered near y “ 0, cylindrical event isotropy will penalize events that are uniform in
the hard scattering frame but longitudinally boosted to the lab frame. Such central events are
less generic, though they could be a more prevalent in new physics models where an on-shell
particle is produced close to the kinematic limit.
4.2 Toy Model: Uniform N-body Phase Space
We now study the event isotropy in the context of uniform N -body phase space events. To
make the N -body sample into a toy model for a generic hidden valley scenario with a heavy
mediator, we first generate a 1 TeV Z 1 vector boson from pp collisions in Pythia, and then use
the RAMBO algorithm to decay the Z 1 into N “ t10, 25, 50u configurations. The full event
then includes the N -body decay products, boosted from the Z 1 rest frame, as well as ISR from
the incoming proton beams. For a more realistic benchmark, we could have implemented the
massive version of the RAMBO algorithm, with the mass scale set by hidden sector mesons
that subsequently decay into massless SM states, but we use the massless algorithm here for
conceptual simplicity and generation efficiency, leaving a more realistic study to Sec. 5. As
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Figure 15. Comparing the QCD dijet background to uniform N -body samples with N “ t10, 25, 50u,
using the same observables as Fig. 14 in pp collisions at
?
s “ 14 TeV. The AUC values in the legend
correspond to the separation power with respect to the dijet sample.
in Sec. 4.1, we set the acceptance as all visible particles with |y| ă 2, but we impose a higher
net transverse momentum cut of
ř
pT ą 650 GeV due to the higher mass scale of the Z 1
resonance.7 We study the discrimination power against QCD dijet and tt¯ backgrounds as
well as between N -body configurations with different values of N .
Distributions for N -body and QCD dijet samples with 105 events are shown in Fig. 15.
As in the dijet versus tt¯ study, the two observables that project out the rapidity information—
transverse thrust and ring-like event isotropy—are much more effective discriminants, with the
best performance achieved by ring-like event isotropy when N " 1. Comparing the N -body
samples to the tt¯ sample in Fig. 16, there is significant overlap between N “ 10 and tt¯ for all
event shape observables, analogous to what was seen in the e`e´ study from Sec. 3.2. We also
consider the separation power of these observables when comparing uniform N -body samples
7Correspondingly, we raise the generator cut on the QCD dijet hard process to pˆT ą 200 GeV and on the
tt¯ hard process to pˆT ą 120 GeV.
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Figure 16. The same as Fig. 15, but now compared to the tt¯ background.
with different values of N . The AUC values are summarized in Fig. 17, which demonstrates
that ring-like event isotropy is consistently more effective than transverse thrust for this task.
In general, cylindrical event isotropy exhibits poor discrimination power between the N -
body samples. While the peaks of the N -body samples are distinct in Fig. 15a, the separation
power is degraded by the large tails from varying longitudinal boosts of the hard process along
the beamline. While the N -body event isotropy distributions approach zero when using the
ring-like geometry, there is a persistent shift away from zero for the cylindrical geometry.
This is because Icyl can only be zero when the momentum distribution is uniform across
both the rapidity and azimuthal directions. Since we cannot impose longitudinal momentum
conservation within the detector, events will often be centered around a nonzero value of y and
smeared asymmetrically. An example of this is shown in Fig. 18, which compares two events
that are isotropic in azimuth but have different rapidity distributions due to this longitudinal
boost. We advise that the ring-like geometry be used for a robust search for isotropic new
physics signatures at hadron colliders, and that the cylindrical geometry only be used when
motivated by the parameters of the model.
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Figure 17. The discrimination power between each pair of samples plotted in Figs. 15 and 16, as
summarized by the AUC for (a) cylindrical event isotropy with n “ 160, (b) ring-like event isotropy
with n “ 32, and (c) transverse thrust. Darker shades indicate more efficient discrimination. Cylin-
drical event isotropy is not as powerful of a discriminant as the other two observables which project
out longitudinal information. Ring-like event isotropy is the most powerful discriminant for N " 1.
In Fig. 19, we plot the AUC between the SM backgrounds and the uniform N -body phase
space samples as a function of N . Note that AUC ă 0.5 means that the N -body sample is
less isotropic than the SM events. For N À 6, the cylindrical event isotropy finds both the
QCD dijet and tt¯ samples to be more isotropic than the N -body sample. This can be seen
from Fig. 13, where the QCD dijets often have at least three prongs of energy with some non-
negligible smearing and the tt¯ events have around six hard prongs. Transverse thrust is the
best discriminant for N “ t3, 4, 5, 6u against both SM backgrounds. Near N “ 7, however,
ring-like event isotropy overtakes the performance of transverse thrust, and it continues to
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Figure 18. Two uniform 50-body phase space events from pp collisions, in (left column) the rapidity-
azimuth plane where the size of the marker corresponds to the pT of the particle and (right column)
projected to the azimuthal direction. The distributions in azimuth are reasonably isotropic in both
events. The first event (top row) is centered in rapidity, while the second event (bottom row) is
longitudinally boosted with the particles clustered to one side of the cylinder.
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Figure 19. The AUC values as a function of N for discriminating uniform N -body decays of a 1 TeV
resonance from (a) QCD dijet events and (b) tt¯ events. Shown are cylindrical event isotropy, ring-
like event isotropy, and transverse thrust, as computed in pp collisions at
?
s “ 14 TeV. In general,
transverse thrust is a better discriminant for low multiplicity events, but ring-like event isotropy is a
better discriminant beyond N “ 6 (N “ 7) for the dijet (tt¯) background. Values of AUC ă 0.5 occur
when the SM sample is more isotropic than the N -body phase space sample according to the event
shape observable.
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Figure 20. The event isotropy for k-body quasi-isotropic samples, averaged over random orientations.
Shown are (a) Icyln computed on cylindrical events and (b) Iringn computed on ring-like events. The
distance from the coarsest cylinder to the finest cylinder (Icyl2560pUcyl8 q = Icyl8 pUcyl2560q » 0.09) is useful
benchmark for when an event should be considered “cylindrically isotropic.” For the ring-like case,
we recommend Iring64 pU ring8 q = Iring8 pU ring64 q » 0.07 as a more appropriate isotropy benchmark.
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have better separation power for all higher values of N . We observe that the value of N at
which (ring-like) event isotropy outperforms (transverse) thrust is similar between e`e´ and
pp collisions.
4.3 Toy Model: Quasi-Isotropic Distributions
As a benchmark to understand when a pp-collider event should be considered isotropic, we
calculate the event isotropy for k-body discretized uniform events. Cylindrically symmetric
events are not very well motivated as a toy model for an isotropic process at pp colliders
since it requires events to be centered in y, which is nontrivially model-dependent. Once
projected to the azimuthal direction, though, ring-like symmetry should be a generic new
physics signature.
After averaging over 104 random orientations, the event isotropies for the appropriate ge-
ometry are given in Fig. 20. We checked that these values only have weak dependence on the
rapidity acceptance limits, though the computation time of Icyl suffers when considering an
extended rapidity region due to increasing numbers of particles in the comparison event. As
expected, the largest values of event isotropy are seen for the coarsest tilings. For the cylin-
drical case, this value is Icyln pUcyl12 q » 0.09, which aligns with the peak of the N “ 50 sample
in Fig. 15a and is therefore a reasonable benchmark for when an event should be regarded
as “cylindrically isotropic.” For the ring-like case, k “ 4 is probably insufficiently isotropic
to be useful as a benchmark. Instead, we recommend Icyln pU ring8 q » 0.07 as corresponding to
“ring isotropic,” which again aligns with the N “ 50 peak in Fig. 15b.
5 Soft Unclustered Energy Patterns at the LHC
In this section, we move our discussion from the use of event isotropy for discriminating
between event categories to its use in characterizing new physics. A novel signal topology
was introduced in Ref. [43] and dubbed “soft unclustered energy patterns” (SUEP) by the
authors of Ref. [45].8 This topology is motivated by strongly-coupled hidden valley models
that have a weak coupling to the SM via a heavy scalar mediator. We assume that the
hidden sector is quasi-conformal such that strong dynamics persist over the energy range of
showering. If we consider the mass of the lightest meson in the hidden sector to be much
smaller than the mass of the scalar mediator, then the final state will be high multiplicity
with many soft particles. Here, we explore the structure of SUEP-like events by considering
both the charged particle multiplicity and the event isotropy of the final state to understand
how the new physics signature changes as a function of the model parameters.
5.1 Model Details and Analysis Strategy
We simulate events of this model with the SUEP Generator [78], an add-on to Pythia 8.243.9
The generator first simulates production of a massive scalar with mass mS . The mediator is
8SUEPs were previously called “soft bombs” but were rebranded to not tempt any negative press on CERN.
9We thank Simon Knapen for useful discussions, instruction, and access to the SUEP Generator.
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forced to decay with a 100% branching ratio into the hidden sector and cascades to a final state
composed of the lightest scalar meson φhid with mass m. The momenta of the hidden mesons
is modeled as an isotropic relativistic Maxwell-Boltzmann distribution at a temperature T .
These mesons decay promptly via the effective operator αDΛ φhidu¯u, then undergo standard
hadronization in Pythia. For simplicity, we only consider coupling to uu¯ although future
studies could examine additional couplings to gluons or other quarks. The full SUEP event
contains not only the SM final state of the hidden sector decay after hadronization, but also
ISR and underlying event associated with the pp scattering process.
For our study, the relevant free parameters of the model are mS , m, and T . In the original
benchmark studies in Ref. [45], several values of mS were considered, and the parameters of
the model were chosen to produce very soft particles in the hidden valley: m “ 1 GeV, T “ 0.5
GeV. Here, we focus on the rare Higgs decay scenario mS “ mh and allow all SM production
modes for the Higgs boson, which now plays the role of the mediator. The specifics of the
model set the values of the coupling αD and energy scale Λ „ T,m of the theory. These
parameters determine the lifetime and therefore the displacement of the φhid meson decays.
While displaced vertex signatures have been considered for SUEP signal detection, to do so
is nontrivial [64], so displacement will not be a component of the present study.
We run the SUEP Generator with pp collisions at
?
s “ 14 TeV for 105 events. We
consider different values of T and m around the GeV scale, but restrict our attention to
T „ m as predicted by gauge/gravity duality [79]. As appropriate for mS “ 125 GeV, we
apply kinematic cuts of
ř
i pT i ą 100 GeV on all samples. An analysis strategy is proposed
in Ref. [45] for both existing ATLAS L1 EmissT triggers as well as for a new high-level trigger
specific to the SUEP model. Here, we present a simplified analysis of truth-level information,
neither simulating the ATLAS detector nor accounting for pileup.
The goal of this study is to understand how event isotropy can be used to characterize
new physics event radiation patterns, without considering cuts needed to suppress SM back-
grounds. As shown in Ref. [45], charged particle multiplicity is already an effective way to
suppress backgrounds for SUEP events. While event isotropy offers complementary informa-
tion to charged particle multiplicity, in preliminary studies we did not find much of a gain
from using event isotropy to suppress SM backgrounds. One reason is that event isotropy
is an IRC-safe observable, so it only probes the degree of isotropy of an event and not the
number of soft emissions. The analyses in Secs. 3.2 and 4.2 show that event isotropy is an ef-
fective probe of Op10q-body phase space, but for multiplicities of Op100q or more as in SUEP
events, simply counting the number of final-state particles is more effective as a discriminant
against SM backgrounds. On the other hand, we will find that event isotropy offers additional
information beyond charged particle multiplicity in the context of signal characterization.
Since we do not attempt to simulate the full detector, we apply the fiducial and kinematic
cuts of the ATLAS inner tracker [80]. We assume that all charged SM particles with pT ą 100
MeV within the region |η| ă 2.4 are reconstructed. When computing the ring-like event
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isotropy, we include all particles (charged and neutral) that satisfy these fiducial cuts.10 In
practice, a charged particle with pT near 100 MeV does not leave hits in all the tracker layers,
so a larger pT threshold might be necessary for higher fidelity track reconstruction.
One key difference from Ref. [45] is that in our study, we do not require the SUEP to
be recoiling against another object in the event. A SUEP event often produces a belt of
fire ring of high track multiplicity near the primary interaction point. For such a signal to
meet the triggering conditions of the L1 ATLAS trigger, the SUEP has to recoil against an
ISR jet or associated vector boson or have a substantial amount of missing transverse energy
EmissT . In the case of SUEP production from rare Higgs decays, one would likely make use of
triggers designed for vector-boson-plus-Higgs production [81]. A boost other than along the
beam axis degrades the axial symmetry of the signature, and therefore leads to larger values
of the ring-like event isotropy (i.e. less isotropic). For this exploratory study, we focus on
the case where the SUEP is produced with small transverse recoil, leaving a study of more
sophisticated quasi-isotropic observables for boosted signals to future work.
5.2 Results
We now compare the distributions of charged track multiplicity and event isotropy in SUEP
models with different parameters. Fixing m “ 1 GeV, we consider T “ t0.5, 1, 3, 5u GeV,
leaving additional values of m to App. C. As the model begins to break down when T " m,
we do not consider values of T „ Op10q GeV. When T À m, the hidden mesons are typically
non-relativistic, leading to higher multiplicity events. When T ą m, the hidden mesons are
typically relativistic, leading to lower multiplicity events.
We can identify several characteristic features in different regimes of parameter space.
First, consider the one-dimensional distributions of charged track multiplicity and event
isotropy, shown in Fig. 21. The charged track multiplicity distributions for T “ t3, 5u GeV
are nearly identical, but they are noticeably different from T “ t0.5, 1u GeV. The reverse is
true for the event isotropy distributions, where the distributions for T “ t0.5, 1u GeV are very
similar but distinct from T “ t3, 5u GeV. This can be understood as follows. When T À m,
the hidden mesons have low velocities and the events are more isotropic, so the main role of
T is to control the number of φhid particles produced. When T ą m, the hidden mesons have
high velocities, so the events have more of a clustered structure, and T controls the degree
of clustering without affecting much the number of φhid particles. In this way, charged track
multiplicity and event isotropy offer complementary probes of the SUEP behavior.
We can gain further insights by plotting the two-dimensional distributions of these ob-
servables. As shown in Fig. 22, the charged track multiplicity and event isotropy are only
somewhat correlated. In the SUEP scenario, the quasi-isotropy is due in part to the high
multiplicity of the final state. But for a fixed degree of isotropy, there is a relatively wide
range of multiplicity values. For the case of T “ t3, 5u GeV, there is some anti-correlation
10Note that this implies a slight mismatch for massive particles between pseudorapidity (used to define the
fiducial region) and rapidity (used to compute the EMD ground measure).
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Figure 21. The distributions of (a) charged track multiplicity and (b) ring-like event isotropy for
SUEP samples of mass m “ 1 GeV and temperatures T “ t0.5, 1, 3, 5u GeV. We see that the distribu-
tions of track multiplicity for T “ t3, 5u GeV are nearly overlapping, whereas the curves with similar
event isotropy are T “ t0.5, 1u GeV. For additional values of m, see App. C.
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Figure 22. Probability density contours in track multiplicity and event isotropy space for SUEP
scenarios with m = 1 GeV and (a) T “ t0.5, 1u GeV and (b) T “ t3, 5u GeV. The darker regions
contain 68% of the events, while the lighter regions contain 95% of the events.
between multiplicity and isotropy (i.e. higher multiplicity implies more isotropic). But as
mentioned above, as the temperature T increases, the hidden valley particles are produced
with larger boost factors, which tends to degrade the event isotropy. We conclude that the
multiplicity of the event is only one aspect that determines the radiation pattern, and event
isotropy offers complementary information about the overall event kinematics.
To exemplify the sensitivity of event isotropy to different event topologies with similar
multiplicity distributions, we compare a SUEP scenario to SM tt¯ production. In Fig. 23, the
multiplicity distributions of the tt¯ sample and the m “ 1 GeV, T “ 5 GeV SUEP sample peak
– 31 –
� ��� ��� ��� ��������
�����
�����
�����
�����
�����
������� ����� ������������
���
���
�����
���
����
∑pt>100 GeV, |η| < 2.4
tt
SUEP
m = 1 GeV, T = 5 GeV
mS=125 GeV
(a)
��� ��� ��� ��� ��� ����
�
�
�
�
ℐ������
���
���
�����
���
����
∑pt>100 GeV, |η| < 2.4
tt
SUEP
m = 1 GeV, T = 5 GeV
mS = 125 GeV
(b)
Figure 23. The same observables as Fig. 21 but comparing the tt¯ sample (green) to the m “ 1 GeV,
T “ 5 GeV SUEP sample (purple). The distributions of charged track multiplicity cover a similar
range for both samples, but the peaks in ring-like event isotropy are better separated.
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Figure 24. The same observables as Fig. 22, but comparing the tt¯ sample (green) to the m “ 1 GeV,
T “ 5 GeV SUEP sample (purple).
at nearly the same value of multiplicity and have support over a similar region. However, the
radiation pattern of the two types of events are intrinsically different. Since tt¯ events typically
have six hard prongs of energy smeared into jets, high-multiplicity events will not necessarily
look isotropic. Indeed, it is clear from Fig. 23 that the tt¯ events have larger event isotropy
(i.e. are less isotropic) than the SUEP events, even for events of the same multiplicity.
Comparing the two-dimensional distributions in Fig. 24, we see that SUEP events and tt¯
events dominate distinct regions of phase space. This emphasizes that for an event to have
small event isotropy, it must have both high multiplicity and isotropically distributed particles.
Event isotropy is sensitive to these combined features, and we expect it will be useful measure
for characterizing new physics signatures, especially in combination with other observables.
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6 Conclusions and Future Studies
In this paper, we introduced a new event shape observable designed to robustly identify
isotropic radiation patterns in collider events. For the task of distinguishing multi-body final
states from SM backgrounds, we found that event isotropy performed as well as or better
than previous event shapes, such as thrust and sphericity at e`e´ colliders and transverse
thrust at pp colliders. Thrust quantifies how far an event is from a back-to-back two particle
configuration, whereas event isotropy quantifies the distance from isotropic configurations.
Event isotropy therefore excels in a regime where previous observables had little dynamic
range: distinguishing various high-multiplicity signatures from each other.
In general, event isotropy outperforms thrust for separating SM jetty backgrounds from
quasi-isotropic events when the multiplicity of hard prongs in the event is Op10q. Various
new physics scenarios can generate these kind of high-multiplicity signals, so we expect event
isotropy to play a useful role both in reducing SM backgrounds and, if a signal is found,
in characterizing the new physics behavior. In our toy model of the uniform N -body phase
space, event isotropy could differentiate the N “ t10, 25, 50u samples from QCD backgrounds
as well as from each other. This suggests that event isotropy will be a powerful observable
for identifying inherently isotropic signals at the LHC or a future collider even with large
multi-jet or fat jet backgrounds. Of course, in a realistic analysis, additional cuts on features
such as missing pT , jet multiplicity, or object classifiers would be applied, so future studies
are needed to understand the correlation of event isotropy with other discriminants.
To explore the potential role of event isotropy in characterizing new physics signals, we
used event isotropy to study the topology of SUEP events. High-multiplicity final states are a
generic feature of theories with large ’t Hooft couplings and arise ubiquitously in hidden valley
scenarios [39]. The original literature on SUEPs searches recommended track multiplicity
as a primary discriminant [45], and our studies support this conclusion. That said, high
multiplicity by itself is not sufficient to produce an isotropic event, so event isotropy provides
complementary information to track multiplicity to help disentangle SUEP model parameters.
While more model-specific modifications to this search would need to be implemented for a
full analysis, event isotropy provides a new handle for characterizing rare collider signatures.
One limitation of event isotropy in its current form is that it only tests for event con-
figurations that are uniform in the lab frame of the collider. In scenarios where a resonance
decays to a quasi-isotropic distribution of particles, that resonances could acquire a signifi-
cant Lorentz boost, for example by recoiling against another hard object in the event. This
issue also arose in our study of cylindrical event isotropy, where longitudinal boosts along the
beam line due to parton distribution functions led to worse discrimination performance than
ring-like event isotropy. Just as thrust involves optimizing over the thrust axis, one could
imagine an extension of event isotropy where one optimizes over the choice of isotropy frame.
Alternatively, one could follow the logic from the jet substructure literature [82–84] and first
identify a candidate fat jet region before computing its isotropy. More generally, one could
test for various event patterns using the analogous EMD logic to Eq. (1.1) and compute the
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transportation cost to a different target event (or set of events) of interest [21]. For example,
another event topology of generic new physics distinct from standard model predictions is
radiation confined to a plane, as is predicted in vanishing dimension models [85, 86].
As the energy scale of future colliders continues to increase, the final-state particle mul-
tiplicity can also grow. Event isotropy can therefore be used to understand how inherently
isotropic a new physics signature is as a function of multiplicity [67]. Another key challenge
for future colliders as well as for the high-luminosity LHC is backgrounds from pileup. Pileup
yields uniform event contamination, and could therefore mask genuinely uniform new physics
signatures. On the other hand, pileup mitigation can be phrased as an optimal transport
problem [21], so there may be avenues to compute event isotropy in a robust and computa-
tionally efficiency way, even in the presence of pileup. As noted in Ref. [45], triggering on
isotropic events can be challenging, but a fast approximation to ring-like event isotropy [73]
could potentially be incorporated into trigger-level analyses.
Finally, isotropy would interesting to consider as a jet substructure observable, both
for new physics searches and for studying QCD. Just as event isotropy was a robust way
to identify N -body configurations at high N , jet isotropy could be a robust probe of high-
multiplicity jet configurations. Following Ref. [87], one could use event isotropy as an anti-
QCD jet tagger, either by itself or in combination with other discriminants, since boosted
new physics resonances are expected to yield more uniform radiation patterns than quark or
gluon jets. For discriminating quark jets from gluon jets, most of the literature has focused
on either multiplicity-like or prong-like observables; see e.g. [88–91]. Jet isotropy is a funda-
mentally different type of observable, and it could provide a complementary perspective on
the quark/gluon discrimination challenge, especially if one could compute jet isotropy distri-
butions from first principles. We hope that event isotropy motivates precision calculations of
EMD-based observables as well as inspires other new ways to characterize the shape of jets
and collider events.
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A Approximations of Event Isotropy
In this appendix, we derive approximate expressions for event isotropy in the case of k-body
symmetric event configurations, as studied in Secs. 3.3 and 4.3. In the main text, we computed
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Figure 25. The approximate disk tiling of a sphere for k “ 192 particles.
the event isotropy as the EMD between an event and the n-particle quasi-isotropic event Un.
Here, we estimate the event isotropy using the idealized uniform event U8.
To approximate the event isotropy of a k-body symmetric distribution, we partition the
uniform geometry into k tiles of equal size centered around the k particles, as shown in Fig. 25
for the spherical case. We then compute the transportation cost to move the energy from
each uniform tile to the corresponding particle at its center. Each particle has weight wi “ 1k
and there are k such particles, such that the final answer can be computed by moving unit
energy within a single tile. For large enough k, the scaling of the event isotropy with k will
be independent of the exact geometry of the tiling, though the overall prefactor depends on
the details of the tiling. Our analytic expressions should be a reasonably good approximation
to the numerically computed values with finite n, assuming the hierarchy 1 ! k ! n.
• Spherical. To compute the event isotropy of a k-body sphere, we partition the uniform
sphere of area Atot “ 4pi into k equal area disks of area Ak and radius rk:
Ak “ Atot
k
, rk “
c
Ak
pi
. (A.1)
In the limit of small opening angle θ, the spherical distance measure takes the form
dij » a θβij , (A.2)
where a “ 1 and β “ 2 for the default measure in Eq. (2.7). The transportation cost
can be computed from a single disk:
Isph8 pU sphk q «
1
Ak
ż rk
0
2piθ dθ
´
a θβ
¯
“ 2ar
β
k
2` β ñ
2
k
, (A.3)
where in the last step, we substituted in the values of rk, a, and β for the default measure.
We compare this analytic estimate to the numerical n “ 3072 result in Fig. 26a, finding
the characteristic Isph8 „ 1{k scaling as predicted by Eq. (A.3).
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Figure 26. The event isotropy of quasi-uniform k-body configurations for the (a) spherical, (b)
cylindrical, and (c) ring-like geometries. We find good agreement between the analytic approximation
of event isotropy I8 (red line) and the numerically computed values of event isotropy (blue markers)
using (a) Isph3072, (b) Icyl2560, and (c) Iring64 .
• Cylindrical. The cylindrical case is similar to the spherical case, though we can get
an improved estimate because the tiling is known exactly. For particles uniformly
distributed in the y´φ plane, the relevant total area is that of a cylinder of circumference
2pi and length 2ymax, yielding Atot “ 4piymax. Assuming a square lattice arrangement,
the cylinder can be tiled with k equal area squares of area Ak and half-width rk:
Ak “ Atot
k
, rk “
c
Ak
4
. (A.4)
For the default cylindrical measure in Eq. (2.10), the small opening angle behavior is
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the same as Eq. (A.2), but with:
a “ 12
pi2 ` 16y2max , β “ 2. (A.5)
Repeating Eq. (A.3) but for a square tiling and specializing to the β “ 2 case, we have
Icyl8 pU sphk q «
1
Ak
ż rk
´rk
dy
ż rk
´rk
dφa py2 ` φ2q “ 2ar
2
k
3
ñ 1
k
8piymax
pi2 ` 16y2max . (A.6)
Like the spherical case, we find the scaling Icyl8 „ 1{k, which agrees with the numerical
n “ 2560 result plotted in Fig. 26b. When expressed in terms of rk, Eq. (A.6) is a
factor of 4{3 larger than Eq. (A.3) with β “ 2, due to the fact that there is a larger
transportation cost associated with the corners of the squares tiles. It is straightforward
to check that this factor is t10{9, 4{3, 2u for a {triangular, square, hexagonal} lattice.
• Ring-like. For the ring-like geometry with k equally spaced particles around a total
length Ltot “ 2pi, the geometry can be broken up into k segments of half-length rk:
rk “ Ltot
2k
. (A.7)
The default ring-like measure in Eq. (2.12) has the same small opening angle behavior
as Eq. (A.2), with:
a “ pi
2pi ´ 4 , β “ 2. (A.8)
The event isotropy is approximately:
Iring8 pU ringk q «
1
2rk
ż rk
´rk
dφ
´
aφβ
¯
“ ar
β
k
1` β ñ
1
k2
pi3
6pi ´ 12 . (A.9)
The ring-like event isotropy scales like Iring8 „ 1{k2, which is expected since a ring is
a lower dimensional geometry than a cylinder or sphere. This 1{k2 scaling is shown
numerically for n “ 64 in Fig. 26c.
B Events with Dijet Plus Spherical Structure
In this appendix, we study hybrid event configurations that have both jet-like and isotropic
features. Such patterns could arise in the associated production of two new physics resonances,
where one decays into a conformal hidden sector while the other decays immediately back into
SM jets. As a toy model, the radiation pattern we investigate is two back-to-back particles
superimposed on a quasi-isotropic event, as shown in Fig. 27. We normalize the energy of
the event to be 1, and we scan over different percent allocations of the energy to the jetty
configuration versus the spherical configuration.
In addition to understanding the behavior of event isotropy for such hybrid configura-
tions, we are also interested in illustrating the effect of choosing different ground measures
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Figure 27. Two back-to-back particles Esph2 superimposed on a quasi-isotropic event U sph48 . The total
momentum of the two particles is 20% of the total event momentum (x “ 0.2).
to compute event isotropy. In the main text, we focused on a ground measure that satisfies
Eq. (2.5) with β “ 2:
dβ“2ij “ 2 p1´ cos θijq. (B.1)
This choice was motivated by the direct comparison to thrust in Eq. (2.16) and because the
quadratic dependence on opening angle makes event isotropy more robust to small changes
in the event configuration. Here, we compare to an alternative measure that satisfies the
ordinary triangle inequality in Eq. (2.3) (i.e. Eq. (2.5) with β “ 1):
dβ“1ij “
3
2
a
1´ cos θij , (B.2)
where the factor of 32 ensures that the event isotropy of two back-to-back particles pEsph2 q is 1, in
analogy to Eq. (2.9). For a generic β, the normalized distance would be
`
1` β2
˘p1´cos θijqβ{2.
As discussed in Ref. [21], the β parameter in the EMD ground measure plays a similar role
to the β parameter for the jet angularities [92, 93] and N -subjettiness [94, 95], with β “ 2
exhibiting more mass-like behavior and β “ 1 exhibiting more kt-like behavior. To see more
examples of event isotropy being calculated with this β “ 1 measure, see Ref. [67].
Because dβ“1ij satisfies the usual triangle inequality, the shortest distance any net energy
can travel from one configuration to another is directly from the excess to the deficient
region. This has a simple interpretation for the event isotropy of the two-particle-plus-sphere
configuration: the energy of each hard particle is redistributed uniformly among the soft
particles in its respective hemisphere. For a configuration where a fraction x of the total
energy is in the two-particle configuration E2 and a fraction 1 ´ x is in a uniform k-body
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Figure 28. Spherical event isotropy computed with (a) dβ“1ij and (b) d
β“2
ij for back-to-back two-
particle configurations superimposed on k-particle spheres. The numerical values are computed using
Isph768 after averaging over 102 random orientations, and we sweep over the fraction x of the total
energy allocated to the two-particle configuration. When using the β “ 1 measure, the event isotropy
is linearly sensitive to x at large k, as computed in Eq. (B.5). For the β “ 2 measure, the large k limit
has a more complicated behavior, as computed in Eq. (B.6).
sphere U sphk , the event isotropy is approximately
β “ 1 : Isphn
”
p1´ xqU sphk ` x Esph2
ı
« p1´ xq Isphn pU sphk q ` x Isphn pE2q, (B.3)
where this expression becomes an equality for k, n Ñ 8. For large enough n, Isphn pE2q « 1.
To approximate the event isotropy of U sphk , we repeat the calculation of Eq. (A.3) but with
a “a9{8 and β “ 1, as appropriate for the small angle limit of Eq. (B.2):
β “ 1 : Isph8
´
U sphk
¯
«
c
2
k
. (B.4)
Thus, in the large n limit, we can approximate Eq. (B.3) for the β “ 1 measure as
β “ 1 : Isphn
”
p1´ xqU sphk ` x Esph2
ı
«
c
2
k
p1´ xq ` x. (B.5)
In Fig. 28a, we numerically compute Isph768 for two-particle-plus-sphere events as a function of
x and k, finding linear behavior in x that agrees with Eq. (B.5) in the large k limit.
Our default angular measure dβ“2ij does not satisfy the usual triangle inequality, resulting
in a more complicated energy flow when computing event isotropy. In particular, the flow of
energy out of the two-particle component is non-trivial, and the spherical component no longer
stays static. In the n, k Ñ 8 limit, it is possible to compute the event isotropy analytically.
Letting z “ 2p1´ cos θq and considering just one hemisphere, the uniform configuration U sph8
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has a flat distribution in z and the two-particle event E2 is localized at z “ 0. The optimal
transportation path is obtained by sorting the energy deposits in increasing z and transporting
each quantile in one distribution to the corresponding quantile in the other. Mathematically,
this corresponds to:
β “ 2 : Isph8
”
p1´ xqU sph8 ` x Esph2
ı
“ 2
ˆż x
0
dz dp0, zq `
ż 1
x
dz d
´z ´ x
1´ x, z
¯˙
, (B.6)
where the overall factor of 2 accounts for the two hemispheres, and the β “ 2 transportation
distance in these z coordinates is
dpz1, z2q “ z1 ` z2 ´ z1z2
2
´ 1
2
a
z1z2pz1 ´ 4qpz2 ´ 4q. (B.7)
While it is possible to find a closed form expression for Eq. (B.6), it is not particularly
illuminating. In Fig. 28b, we show the numerical values for Isph768 as a function of x and k,
which indeed asymptote to Eq. (B.6) in the large k limit.
C Additional SUEP Benchmark Scenarios
In Sec. 5, we discussed the use of event isotropy to characterize quasi-isotropic new physics
signals. We showed results from a SUEP model where the lightest meson mass was m “ 1
GeV and plotted several values of the effective temperature T „ m. In this appendix, we
explore other values of m and T to identify general trends of the event isotropy and charged
track multiplicity in SUEP scenarios.
Fixing the mediator mass at mS “ 125 GeV, we consider hidden meson masses of m “
t0.5, 1, 3, 5u GeV and temperatures of T “ t0.5, 1, 3, 5u GeV. We generate 5 ˆ 104 events
per sample, but only show scenarios where T „ m, since this is a condition for the SUEP
Generator to yield physically sensible results. Because the SUEP Generator populates phase
space as an approximate relativistic Maxwell-Boltzmann distribution, larger values of m „ T
are inaccessible without raising the mediator mass mS .
Distributions for the ring-like event isotropy are shown in Fig. 29. For a fixed value of
T , the distributions have only mild dependence on the value of m. This make sense because
event isotropy is an IRC-safe observable, so it is dominantly sensitive to the overall kinematics
of the event (as determined by T ) and not to the detailed partitioning of the energy from
meson decays (as determined by m).
By contrast, the charged track multiplicity distributions in Fig. 30 show much larger
dependence on the meson mass m. For fixed T , the multiplicity increases with larger m,
as expected since the decay of heavier mesons yield a higher multiplicity of SM final states.
Roughly speaking, the parameter controlling the multiplicity distributions is m{T . This is
shown for m{T “ 1 in Fig. 31, where the multiplicity distributions are nearly overlapping for
m ě 1 GeV. The increased multiplicity at m “ T “ 0.5 GeV arises from an interplay between
the hidden sector shower and QCD confinement.
– 40 –
��� ��� ��� ��� ��� ����
�
�
�
�
ℐ������
���
���
�����
���
����
SUEP, mS = 125 GeV
T = 0.5 GeV∑pt>100 GeV, |η| < 2.4
m = 0.5 GeV
m = 1 GeV
m = 3 GeV
(a)
��� ��� ��� ��� ��� ����
�
�
�
�
ℐ������
���
���
�����
���
����
SUEP, mS = 125 GeV
T = 1 GeV∑pt>100 GeV, |η| < 2.4
m = 0.5 GeV
m = 1 GeV
m = 3 GeV
m = 5 GeV
(b)
��� ��� ��� ��� ��� ����
�
�
�
�
�
�
ℐ������
���
���
�����
���
����
SUEP, mS = 125 GeV
T = 3 GeV∑pt>100 GeV, |η| < 2.4
m = 0.5 GeV
m = 1 GeV
m = 3 GeV
m = 5 GeV
(c)
��� ��� ��� ��� ��� ����
�
�
�
�
ℐ������
���
���
�����
���
����
SUEP, mS = 125 GeV
T = 5 GeV∑pt>100 GeV, |η| < 2.4
m = 1 GeV
m = 3 GeV
m = 5 GeV
(d)
Figure 29. Distributions of ring-like event isotropy in the SUEP samples for (a) T “ 0.5 GeV, (b)
T “ 1 GeV, (c) T “ 3 GeV, and (d) T “ 5 GeV. The different curves on each plot correspond to
different values of m satisfying m „ T . For this observable, the dominant behavior is determined by
the temperature T with only weak dependence on the lightest meson mass m.
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